Ultrafine and High Aspect Ratio Metal Lines by Electron Beam Lithography for Silicon Solar Cell Metallisation  by Liao, Baochen et al.
Energy Procedia 15 (2012) 91 – 96
1876-6102 © 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the organizing committee of International Conference 
on Materials for Advanced Technologies.
doi:10.1016/j.egypro.2012.02.011
Available online at www.sciencedirect.com
 
 
Energy 
Procedia   
                  Energy Procedia  00 (2011) 000–000 
www.elsevier.com/locate/procedia 
 
International Conference on Materials for Advanced Technologies 2011, Symposium O 
Ultrafine and High Aspect Ratio Metal Lines by Electron 
Beam Lithography for Silicon Solar Cell Metallisation 
Baochen Liaoa,b, Armin G. Aberlea,b, Thomas Muellera, Lalit K. Vermab,  
Aaron J. Dannerb, Hyunsoo Yangb and Charanjit S. Bhatiaa,b,* 
a Solar Energy Research Institute of Singapore, National University of Singapore, 7 Engineering Drive 1, Block E3A,  
Singapore 117574, Singapore 
b Department of Electrical and Computer Engineering, National University of Singapore, 4 Engineering Drive 3, Block E4 
Singapore 117576, Singapore 
 
Abstract 
Ultrafine finger lines with high aspect ratio are proposed to reduce the front side metallisation losses of high-
efficiency silicon wafer solar cells, as an easy-to-implement solution to boost the champion cell efficiency. The ultra-
fine fingers reduce both the shading loss as well as the recombination loss at the metal interfaces, and the high aspect 
ratio helps to reduce the finger resistive losses. Simulation results show that fingers with width of 500 nm and height 
of 750 nm can reduce the overall front grid related power losses by 2.2% when applied in a 23% efficient PERL 
(passivated emitter and rear locally diffused) cell. To implement the ultrafine fingers, electron beam lithography is 
used as it can achieve excellent resolution down to 10 nm. After process optimisation, finger lines with width of 500 
nm and height of 750 nm are obtained, which proves the feasibility of the proposed metallisation scheme. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Solar Energy 
Research Institute of Singapore (SERIS) – National University of Singapore (NUS). 
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1. Introduction 
The highest-efficiency silicon wafer solar cell in the laboratory is the PERL cell (passivated emitter 
and rear locally diffused) [1] developed at the University of New South Wales, with a record efficiency of 
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25% in 1999. A major feature of this structure is a high-quality thermal SiO2 passivation on both surfaces. 
Both front and rear metal contact areas are passivated by local heavily diffused regions (phosphorus and 
boron). The double-layer antireflection coating, the inverted pyramid front surface and the rear detached 
Al reflector form an excellent light trapping scheme [2-5]. Therefore, the PERL cell has very high open-
circuit voltage and short-circuit current density, and still holds the world record efficiency for Si wafer 
solar cells. 
 
In 1994 a detailed loss analysis was performed on a 23% efficient PERL cell which showed that the 
front side metallisation is one of the major limitations for higher efficiency of PERL-type cells [6].  For a 
given front grid finger width, there is an optimum finger pitch which minimises the sum of shading loss 
and resistive losses, with the former having an adverse effect on the short-circuit current and the latter 
degrading the fill factor.  Moving towards smaller finger widths while maintaining high aspect ratios will 
reduce both the optimum finger pitch and the corresponding total power loss. Therefore it is highly 
desirable to minimise the finger width to as far an extent as the metallisation technology would allow. 
 
Many techniques have been used to implement the front side metallisation of Si wafer solar cells, 
including screen printing [7], inkjet printing [8], light induced plating [9], and photolithography [1]. For 
the PERL cell, photolithography was used because of its capability to achieve small line widths. A typical 
PERL cell has a front metal coverage of 3.5-4%, with a finger width of 20 µm, a finger spacing of 0.8 mm 
and a finger height of 10 µm. The electrode is formed by vacuum evaporation of a thin Ti/Pd stack and 
subsequent plating with Ag [2].  
 
To further improve the metallisation design, a new metallisation scheme with ultrafine finger lines of 
500 nm width and highest possible aspect ratio is investigated in the present paper. The simulation results 
will show that closely spaced ultrafine fingers with width of 500 nm and height of 750 nm can reduce 
both shading losses and electrical losses. To experimentally realise the proposed new metallisation 
scheme, electron beam lithography (EBL) is used as it can achieve excellent resolution down to 10 nm 
[10, 11]. However, EBL has a very low throughput as it is a direct-write technique. Hence, a cell area of 1 
cm2 is used in this work for practical reasons. With the optimised recipe developed in this work, the time 
required by EBL to process the 1 cm2 cell is around 2 days. Therefore, further investigations into faster 
process recipes are required in the future. 
2. Simulation 
The parameters of the 23% efficient PERL cell [6] are used as reference in our simulations. The 
simulation software used is called GridSim and was developed at Fraunhofer ISE [12]. This simulation 
software helps to optimise the front metal grid design. In this simulation, we assume that there is no light 
reflecting from the metal fingers and busbars, and that the metal covered area contributes entirely to the 
shading loss. The reference PERL cell used in the simulation has a cell area of 4 cm2 and the front metal 
grid coverage is about 3.5%. The finger height is about 10 µm, and the finger width is 20 µm with a 
spacing of 0.8 mm. The simulation results are displayed in Fig. 1(a). As can be seen, the reference PERL 
cell’s front metal grid has a total power loss of 4.49%. It consists of a shading loss of 3.48% and an 
electrical loss of 1.01%. This result clearly shows that even with the PERL cell’s already thin fingers, the 
shading loss contributes significantly to the total power losses and can be further improved. 
 
In order to further reduce the shading losses, an ultrafine metal finger with width of 500 nm is 
proposed. As discussed earlier, shading losses and electrical losses are a pair of conflicting parameters. 
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As the finger width reduces the shading losses reduce, however the electrical losses increase due to the 
reduced current conducting cross sectional area. Therefore, high aspect ratio fingers are required to 
reduce the electrical losses. For the simulation of this new design, a finger height of 750 nm is 
investigated, with a cell area of 1.0 cm2. Optimisation of the finger spacing gave an optimal value of 92 
µm. The simulation result is shown in Fig. 1(b). As can be seen, this new metal grid design has greatly 
reduced the total power loss, from 4.49% to 2.30%. This is mainly attributed to the reduction of shading 
losses by the thin finger lines. Meanwhile, the total electrical losses did not increase by the reduced 
shading losses. It is mainly attributed to the high aspect ratio (1.5 compared to reference cell’s 0.5) of the 
finger lines and the significantly reduced emitter losses by the closely spaced finger lines, as the finger 
spacing has been reduced from 800 µm to 92 µm. This compensates the increase of the resistance losses. 
 
(a)          (b)  
Fig. 1. Simulation results of the power losses of front side metal grid scheme: (a) reference cell; (b) proposed 
ultrafine fingers. 
3. Experimental results & discussion 
3.1. Process flow 
To investigate the feasibility of the proposed finger scheme, a process flow was designed as shown in 
Fig. 2. Firstly, the 1 cm  1cm silicon samples are cleaned by acetone, IPA (isopropyl alcohol) and DI 
(de-ionised) water in an ultrasonic bath. To obtain higher aspect ratio metal lines by a lift-off process, a 
large resist thickness is required. Hence, PMMA (polymethyl methacrylate) 950K A9 is used, as it has a 
high resolution for direct-write e-beam and provides enough thickness for the proposed metal height [13]. 
Spin speeds from 1000 to 6000 rpm (revolutions per minutes) were investigated. By considering both the 
thickness and uniformity, 2000 rpm was selected with a resist thickness of around 1.7 µm. After spin 
coating, the resist is prebaked at 180 ºC on a hot plate. EBL (electron beam lithography) is used to write 
the finger lines after prebake of the resist. After e-beam exposure, the sample is developed in 1:3 MIBK 
(methyl isobutyl ketone) / IPA for 60 seconds. To examine the exposure and development profile, 2-5 nm 
of Au is sputtered on the sample surface for SEM (scanning electron microscope) imaging. After 
development, the metallisation is done by thermal evaporation of Al onto the sample surface. The final 
step is to lift-off the metal on the resist plus the resist, by immersing the sample in acetone for 30 minutes 
with low ultrasonic power. 
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Fig. 2. Fabrication sequence of investigated samples 
3.2. Dose optimisation & electron scattering effect 
The resolution achieved in the EBL writing step mainly depends on the applied dosage [14]. The ideal 
value depends on many factors, such as the type and thickness of the resist, the substrate, the development 
solution, the density of the desired pattern, etc [15]. Therefore, dose test is necessary to empirically find 
the optimal dosage range for the specific application. Doses from 500 to 3000 µc/cm2 (in 100 µc/cm2 
increments) were tested. The optimal dosage range was found to be 700-800 µc/cm2 for the 500 nm metal 
lines with thick PMMA resist. 
 
For most of the EBL nanoscale studies, the applied resist is normally very thin for high resolution [14, 
16-18]. Thin resist results in narrower forward scattering width, reduced proximity effect and easier 
development [19]. For this paper’s application, the applied resist is much thicker; in order to better 
understand the impact of the applied dosage on the resist, the sample was coated with 2-5 nm Au after 
development for SEM imagining. The cross-sectional view of the sample is shown in Fig. 3. Figure 3(a) 
is the cross-sectional view of the finger after development at room temperature (23 ºC). It clearly shows a 
balloon shape of the exposed area. It is mainly attributed to the primary and secondary electrons 
scattering effect in the resist.  This result is also consistent with the simulation result of electron scattering 
in electron resist exposure [10]. The well-known proximity effect may not be the major concern in this 
application, as it is particularly severe for dense patterns with dimension and spacing less than 1 µm, 
whereas in our application the spacing between metal fingers is around 100 µm. To reduce the lateral 
scattering, a high electron beam energy is preferred. Higher electron beam energy helps to reduce the 
forward and the backward scattering effect in a thick resist. Besides that, resist development after 
exposure is also one of the key steps that affect the resolution and accuracy of the patterns. Cold 
development can improve the resolution and pattern quality, as shown in Fig. 3(b). 
 
      
Fig. 3. Cross-sectional view of the finger after development: (a) at room temperature (23 ºC); (b) cold development 
(16 ºC). 
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3.3. Finger line width and height 
The lift-off method is used for metallisation. Al is evaporated onto the sample, followed by the lift-off 
process. As mentioned earlier, the resist thickness after spin coating is around 1.7 µm. This limits the 
maximum metal finger height that we are able to obtain with the lift-off method. With the finger line 
width of 500 nm, different height range from 100 nm to 1 µm was investigated. As shown in Fig. 4, we 
have successfully obtained a metal height of 750 nm. A metal height of 1 µm seems possible in the near 
future. 
 
    
Fig. 4. Finger lines with 500 nm width and 750 nm height: (a) top view; (b) cross-sectional view. 
4. Summary 
In conclusion, the simulation results showed a significant improvement (from 4.49% to 2.30%) of the 
power losses related to the front side metallisation of high-efficiency silicon wafer solar cells, using the 
proposed ultrafine high aspect ratio metal fingers. Both shading loss and electrical losses can be 
significantly reduced by the ultrafine high aspect ratio and closely spaced thin metal fingers. It thus seems 
that the recombination loss at the metal interface can be reduced and the cell’s fill factor can be improved.  
 
Using an EBL tool, the preliminary experimental results confirm the feasibility of the proposed metal 
finger scheme. A process was developed for realising experimental samples. Using a thick PMMA resist, 
a dose test was conducted to empirically find the optimal dosage range for the 500 nm thick metal lines. It 
was found that cold development at 16 ºC significantly improves the resolution as well as the pattern 
quality. After process optimisation, metal finger lines with width of 500 nm, height of 750 nm and aspect 
ratio of 1.5 were achieved. Compared to the reference PERL cell which has a finger aspect ratio of 0.5, 
the proposed high aspect ratio ultrafine metal fingers significantly reduce both the shading losses and the 
electrical losses. Metal finger heights of 1 µm seem possible in the near future. To our knowledge, this 
paper is the first publication on the use of EBL for the metallisation of high-efficiency solar cells. 
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